Figure 1. Summary of Drosophila Chemosensory Tissues and GR Transgene Expression Patterns
The table summarizes the expression patterns of GR promoter-Gal4 transgenes in adult and larval chemosensory tissues. Adult Drosophila sense gustatory cues with chemosensory bristles on the labellum of the proboscis, legs and wings, and with specialized structures of the internal mouthparts, the cibarial organs and the labral sense organ. Gustatory neurons on the proboscis send axonal projections to the subesophageal ganglion (SOG). Sensory neurons on the antenna recognize olfactory cues and project to the antennal lobe (AL). In Drosophila larvae, gustatory cues are recognized by neurons innervating the terminal organ and possibly the ventral pits, and olfactory cues are recognized by neurons innervating the dorsal organ and the terminal organ. Gustatory tissues are highlighted in blue and olfactory tissues are highlighted in pink. The schematic of the adult fly is adapted from Stocker, 1994 . The schematic of the larva is adapted from Struhl, 1981. the leg and in larval chemosensory organs. Finally, we Drosophila genome, including 23 GRs not previously described. Gene sequences are available at the URL have traced the projections of different subsets of larval chemosensory neurons to the subesophageal ganglion http://cpmcnet.columbia.edu/dept/neurobeh/axel/ gr.html. As originally reported, these genes encode puand the antennal lobe. These data provide insight into the diversity of chemosensory recognition in the periphtative seven transmembrane domain proteins of about 480 amino acids (Clyne et al., 2000) . The family as a ery and afford an initial view of the representation of gustatory information in the fly brain. whole is extremely divergent and reveals an overall sequence identity ranging from 7%-50%. However, all genes share significant sequence similarity within a 33 Results amino signature motif in the putative seventh transmembrane domain in the C terminus ( Figure 2 ). Analysis of A Large Family of Candidate Chemoreceptors the sequence of the 56 genes reveals the existence of A novel family of putative seven transmembrane domain four discrete subfamilies (containing ten, six, four, and proteins was recently identified in searches of the Drosophthree genes) whose members exhibit greater overall seila genome (Clyne et al., 2000) . Analysis of a database quence identity ranging from 30%-50%. Twenty-two of representing 60% of the Drosophila genome identified the GR genes reside as individual sequences distributed twenty-three full-length genes and 20 partial sequences. throughout each of the Drosophila chromosomes, The expression of 19 genes was examined by RT-PCR whereas the remaining genes are linked in the genome analysis and revealed 18 transcripts in the proboscis in small tandem arrays of two to five genes. labellum, suggesting that this novel gene family may
The GR family shares little sequence similarity outside encode the fly gustatory receptors (GRs). We have charof the conserved C-terminal signature in the putative acterized the expression of these genes by in situ hybridseventh transmembrane domain and therefore our ization and transgene experiments and observe expressearches of the genome database are unlikely to be sion in both gustatory and olfactory chemosensory exhaustive. Thus, this family of candidate gustatory reneurons in both larvae and adult flies.
ceptors consists of a minimum of 56 genes. Moreover, We have extended the gene family by analyzing the our analysis would not detect alternatively spliced tranrecently completed euchromatic genome sequence of scripts, a feature previously reported for some members Drosophila (Adams et al., 2000) using reiterative BLAST of this gene family (Clyne et al., 2000) . We have identified searches (Altschul et al., 1990 ), transmembrane domain cDNAs or RT PCR products from only six genes and prediction programs (von Heijne, 1992), and hidden Marverification of the gene predictions therefore awaits the kov model (HMM) analyses (Eddy, 1998). These searches have identified a total of 56 candidate GR genes in the isolation and sequencing of additional cDNAs.
sophila odorant receptor (DOR) genes. (Figure 2 ). The DOR genes, however, possess additional conserved motifs not present in the GR genes and define a distinct family (Clyne et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999 Vosshall et al., , 2000 . These observations suggest that the putative gustatory and olfactory receptor gene families may have evolved from a common ancestral gene.
GR Gene Expression in Olfactory and Gustatory Organs
Insight into the specific problem of the function of these candidate receptor genes and the more general question as to how tastants are recognized and discriminated by the fly brain initially requires an analysis of the patterns of expression of the individual GR genes in chemosensory cells. We have therefore performed in situ hybridization on sagittal sections of the adult fly head with RNA probes obtained from all 56 family members. Six of the genes are expressed in discrete, topographically restricted subpopulations of neurons within the proboscis ( Figure 3A) . Three of the genes revealed no hybridization to the proboscis but are expressed in spatially-defined sets of neurons within the third antennal segment, the major olfactory organ of the adult fly ( Figure 3B ). The remaining genes show no hybridization to adult head tissues. Our analysis of the pattern of GR gene expression by in situ hybridization demonstrates that a small number of GR genes is transcribed in either the proboscis or the antenna, suggesting that this family encodes chemosensory receptors involved in smell as well as taste. However, we did not detect expression of over 80% of the family members using our in situ hybridization conditions. The sequence of these GR genes does not reveal nonsense or frameshift mutations that characterize pseudogenes. The inability to detect transcripts from the majority of the GR genes by in situ hybridization might result from low levels of expression of GR genes, expression in populations of chemosensory cells not amenable to analysis by in situ hybridization (e.g., leg, wing, or vulva), or expression at other developmental stages.
We therefore generated lines of flies expressing GR promoter transgenes to visualize the expression in a wider range of cell types with higher sensitivity. Transgenes were constructed in which putative GR promoter sequences (0.5-9.5 kb of DNA immediately upstream of the translational start) were fused to the Gal4 coding 
A Spatial Map of GR Expression in the Proboscis
Expression of the GR transgenes in the proboscis was initially visualized using the UAS-lacZ reporter. The laInterestingly, the 33 amino acid signature motif characteristic of the GR genes is present but somewhat bellum of the proboscis is formed from the fusion of two labial palps, each containing 31-36 bilaterally symmetric diverged in 33 of the 60 members of the family of Dro-that occupy a medial column (Figure 4 ). Flies bearing a GR promoter-Gal4 gene were also crossed with UAS-GFP stocks. The expression of GFP allows greater cellular definition and reveals that each receptor is expressed in a single neuron within a sensillum ( Figures 5A and  5B) . The pattern of GR gene expression determined by GR promoter transgenes resembles that seen by in situ hybridization. However, we have been unable to directly demonstrate coexpression of the transgene reporter and the endogenous gene by dual label in situ hybridization due to low levels of GR gene expression. Nevertheless, this pattern of expression, in which a receptor is expressed in only one neuron in a sensillum and in one sensillar row, is maintained in over 50 individuals examined for each transgenic line and is also maintained in independent transformed lines for each GR transgene.
Receptor Expression in Other Chemosensory Neurons
Chemosensory bristles reside at multiple anatomic sites in the fly including the taste organs in the mouth, the legs and wings, as well as in the female genitalia ( Figure  1) (Stocker, 1994) . Three sensory organs reside deep in the mouth: the labral sense organ (comprised of 10 chemosensory neurons) and the ventral and dorsal cibarial organs (each containing six chemosensory neurons) (Stocker and Schorderet, 1981; Nayak and Singh, 1983) . The function of these specialized sensory organs is unknown, but their anatomic position and CNS projection pattern suggests that they participate in taste recognition (Stocker and Schorderet, 1981; Nayak and 
Gr2B1
, is expressed solely in the labral sense organ and Gr47A1, Gr66C1, Gr32D1, Gr98A1, Gr28A3, and Gr33C1 are exis not detected in the proboscis labellum or in the cibarial pressed in single cells within chemosensory sensilla of the proboscis labellum (data not shown for Gr28A3 and Gr33C1). Figure 5D ). 
organs (

Gr32D1-Gal4 along with UAS-nSyb-GFP reveal two partially overlap-(B-D) GR-bearing neurons project to discrete locations in the larval
ping projection patterns. brain. Gr32D1 is expressed in the proboscis in the adult and in one (G and H) Distinct projection patterns are observed for the two neuron in the terminal organ in larvae. In Gr32D1-Gal4:UAS-nSybdifferent chemosensory modalities, taste and smell. Gr21D1 is ex-
GFP larval brains, a single terminal arborization is observed in the pressed in the adult antenna and in a single neuron in the terminal SOG (C). A similar pattern is observed for neurons expressing organ of larvae. Gr21D1 axons enter the antennal lobe (arrows) (G).
Gr66C1, a gene expressed in the adult proboscis and in a single
In larvae that contain Gr21D1-Gal4 and Gr66C1-Gal4 along with neuron in the terminal organ and two in the mouth of larvae (B and UAS-nSyb-GFP, two discrete termini are apparent, one entering the D). (D) is a higher magnification (3ϫ) of (B) .
SOG, and a second entering the antennal lobe (H).
organ, two in the dorsal organ, and a single bilaterally symmetric neuron in each thoracic hemisegment ( Figure  6C ). One set of fibers appears to terminate in the antennal lobe ( Figure 7E) . A second more posterior set of fibers can be traced from the thorax into the hindbrain, with fibers terminating posterior to the antennal lobe ( Figure 7E ). This pattern of projections is of interest for it implies that neurons in different locations in larvae that express the same receptor project to discrete locations in the larval brain, suggesting the possibility that the same chemosensory stimulus can elicit distinct behavioral outputs. We have attempted to determine whether neurons in the terminal organ that express different GRs project to discrete loci within the SOG. We therefore generated larvae that express two promoter fusions, Gr66C1-Gal4 and Gr32D1-Gal4, along with a UAS-nSyb-GFP transgene. The projections in these flies are broadened, suggesting that these sets of neurons terminate in overlapping but nonidentical regions of the SOG ( Figure 7F ). More definitive data to support the existence of a topographic map of taste quality will require two-color labeling of the different fibers to discern whether the projections from neurons expressing different GRs are spatially segregated in the SOG.
Are GRs also Odorant Receptors?
A large family of presumed olfactory receptor genes in Drosophila (the DOR genes) has been identified that is distinct from the GR gene family ( 
Gr21D1 is also expressed in one cell of the terminal
The GR family of proteins was tentatively identified organ of larvae ( Figure 6D) . We have therefore traced as gustatory receptors solely on the basis of PCR analythe projections of Gr21D1-bearing neurons to the larval sis of proboscis RNA (Clyne et al., 2000) . We have perbrain. Gr21D1 axons enter the larval brain and terminate formed both in situ hybridization and transgene experiin the antennal lobe rather than the SOG ( Figure 7G ). ments that demonstrate that members of this gene The segregation of projections from presumed olfactory family are expressed in the antennae, proboscis, pharand gustatory neurons is apparent in larvae that contain ynx, leg, and larval chemosensory organs. Thus, a single Gr21D1-Gal4 and Gr66C1-Gal4 along with UAS-nSybgene family encodes chemosensory receptors con-GFP. In these transgenic flies, two distinct sets of termini taining both olfactory and gustatory receptors. We have are observed, one entering the SOG, and a second entergenerated flies bearing GR promoter transgenes from ing the antennal lobe ( Figure 7H) . 15 GR genes. Expression is observed in seven lines and Thus, a member of the GR gene family is expressed is restricted to chemosensory cells. No expression is in sensory neurons of the antenna and the terminal organ detected in other neurons or in nonneuronal cells. These of larvae, and GR-bearing neurons project to the antendata suggest that the expression of this family is limited nal lobe. These data suggest that at least two indepento gustatory and olfactory neurons, and that the inability dent gene families, the DORs and the GRs, recognize to observe expression in eight transgenic lines perhaps olfactory information. The GR gene family is therefore reflects the structural inadequacy of the promoters. The axon termini of gustatory neurons terminate in more bitter sensors, are coexpressed in sensory cells within diffuse, elongated structures than the tightly compacted the tongue (Adler et al., 2000) . This organization allows glomeruli formed by olfactory sensory axons, rendering the organism to recognize a diverse repertoire of averit difficult at present to discern a topographic map of sive tastants but limits the ability to discriminate among gustatory projections in the larval brain. them.
What can we discern about the logic of taste discrimination from the pattern of GR gene expression in DroSensory Perception in Larvae Insects provide an attractive model system for the study sophila? First, the number of GR genes, 56, approximates the number of DOR genes, suggesting that the of chemosensory perception because they exhibit sophisticated taste and olfactory driven behaviors that are fly recognizes diverse repertoires of both soluble and volatile chemical cues. Moreover, our data argue that controlled by a chemosensory system that is anatomi- ciate changes in behavior with modifications in specific connections.
Visualization of lacZ, GFP, and nSyb-GFP Reporters GR promoter-Gal4 lines were crossed to UAS-LacZ stocks, and Experimental Procedures whole-mount heads of progeny were examined for ␤-galactosidase activity, following existing staining procedures (Wang et al., 1998).
Experimental Animals
To enhance visualization of sensilla in the proboscis labellum, proDrosophila stocks were reared on standard cornmeal-agar-molasbosces were bisected and pseudotracheae were removed by microses medium at 25ЊC. Oregon R strains were used for in situ hybridizadissection. Images were recorded using a Nikon SPOT-RT digital tion experiments, and yw or W1118 strains were used for transgene microscope system equipped with differential interference contrast. injections. P element-mediated germline transformations and all Progeny resulting from crosses of GR promoter-Gal4 to UAS-GFP subsequent fly manipulations were performed using standard techwere examined for GFP expression by direct flourescence microsniques (Rubin et al., 1985) . In some cases, transgenic constructs copy. Adult organs and live larvae were mounted in glycerol using were injected as mixtures of two constructs, and progeny of individsmall coverslips as spacers and GFP flourescence was recorded ual transformants were analyzed by polymerase chain reaction with a BioRad 1024 confocal microscope. (PCR) to determine their genotype. All analyses were performed on To visualize axonal projections of GR-bearing neurons, GR protwo to five independent transgenic lines for each construct.
moter-Gal4 flies were mated with UAS-nSyb-GFP, and brains of F1 progeny were examined by flourescent immunohistochemistry. Larval brains were dissected and antibody staining was carried out Identification of Additional GR genes as described in ( 
